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ABSTRACT Blood platelets represent the first line of 
host defense when normal vessels are injured. Platelet 
adhesion to subendothelium, aggregation, and further 
platelet recruitment culminate in hemostatic plug forma- 
tion, which is accompanied by the consolidating effect of 
fibrin deposition on and between platelets. The process is 
multicellular in that erythrocytes promote and neutro- 
phils inhibit platelet plug formation. Endothelial cells in 
proximity possess three protective mechanisms (thrombo- 
regulators) for limiting the size of the hemostatic plug- 
ADPase, eicosanoids, endothelium-dependent relaxing 
factor/NO. We propose that in advanced atherosclerotic 
blood vessels such as coronary arteries, an ulcer or fissure 
in the fibrous cap of the atheroma serves as an agonist 
that transforms the platelet into a major prothrombotic 
offender. Induction of excessive platelet activation over- 
comes the normal thromboregulatory mechanisms. Eryth- 
rocytes further activate platelets, even in the presence of 
aspirin, and neutrophil blockage of platelet reactivity is 
insufficient to prevent impending vascular occlusion. Ap- 
preciating that multiple cell types and metabolic path- 
ways are involved in modulation of platelet reactivity in 
vascular occlusion is a relatively recent concept. Strate- 
gies designed to restore processes such as thromboregula- 
tion may serve to improve therapeusis in thrombosis, 

which at present is far from optimal. Marcus, A. J.- 

Safier, L. B. Thromboregulation: multicellular modula- 
tion of platelet reactivity in hemostasis and thrombosis. 
FASEBJ, 7i 516-522; 1993. 

Key Words: platelet activation and recruitment • transcetlular metab- 
olism • endothelial cell-platelet interactions • erythrocyte- platelet inter- 
actions • neutrophil^platelet interactions • endothelial ecto-ADPase • 
EDRF/NO 



When the continuity of a normal blood vessel is inter- 
rupted, the initial response to the injury is defined as 
primary hemostasis (1). Superimposed on an intense vaso- 
constriction IS the process of platelet activation. Platelets im- 
mediately adhere to collagen in the subendothelium that has 
been exposed by the injur>^ Collagen is a strong platelet 
agonist that induces platelet activation, leading to secretion 
of additional agonists. These include ADP, thromboxane 
(TXA2) 2 and serotonin (5-HT). Secretion leads to recruit- 
ment of other platelets that aggregate upon the initial layer 
ol adherent platelets, thereby forming the hemostatic plug 
(Fig. 1). Activated platelets also undergo a change in shape 
from a disk to a spiny sphere. In the process, rearrangement 
oi membrane phosphojipoprotein components forms a cata- 
lytic procoagulani surface. Activated coagulation factor X is 
bound to the platelet surface in the presence of activated fac- 
tor V. Factor VII of the e.xtrinsic coagulation system is also 



platelet surface-activated (1). These interactions culminate in 
formation of thrombin, which is the catalyst for fibrin trans- 
formation from fibrinogen, as well as being another strong 
platelet agonist. The thrombin-mediated reinduction of 
platelet activation and recruitment, along with coagulation 
defines secondary hemostasis. The hemostatic platelet plug 
IS now consolidated and impermeable as evidenced by com- 
plete cessation of hemorrhage (1). Thus, platelets form the 
nidus of a structure that withstands the back pressure in- 
duced by cardiac output. However, other cells are participat- 
ing as promoters or inhibitors of platelet reactivity The plug 
remains localized through this extracellular and fluid phase 
protein inhibitory activity as well as inhibitory mechanisms 
intrinsic to the platelet (2) (Fig. 1). 

In contrast to normal hemostasis in injured but otherwise 
healthy vessels, arterial thrombosis in diseased vessels can be 
interpreted as a misdirected or abnormal consequence of the 
normal process. Although thrombi resemble hemostatic 
plugs morphologically (3), their development differs from 
that of hemostatic plugs in at least one important aspect. An 
arterial thrombus almost always occurs at sites of pathologic 
vascular damage. A major offender is the deeply fissured or 
ulcerated advanced atherosclerotic plaque in the vessel wall, 
which may contain an eroded fibrous cap with lipid-rich 
necrotic tissue and inflammatory cells (4-6). The agonistic 
potential of such lesions promotes far more platelet adhesion, 
activation, recruitment, and consolidation than an injured 
healthy vessel surface. In addition, lipid-rich arterial plaques 
are a nidus for intermittent thrombus formation due to 
recurrent fissuring as well as slow release of incorporated 
thrombin (5, 7, 8). The size of pathologic thrombi and the 
extent of associated normal tissue damage often surpass the 
capacity of normal control mechanisms. These pathologic 
thrombi can then extend or embolize to totally occlude ves- 
sels, leading to ischemia and death. The multiple factors in- 
volved in induction of arterial thrombosis and the associated 
myofibrotic response probably account for the difficulty in 
clinical management of these occlusive events (Fig. 2). 

Several cell types in the microvasculature can modulate 
the growth of platelet thrombi. Microscopic time course 
studies of evolving thrombi initially demonstrate platelets 
adherent to subendothelium. The central core of the platelet 
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factor/nitnc oxide; PGI2, prostacyclin, prostaglandin I2; I2-HETE 
12-hydroxyeicosatetraenoicacid; G protein, guanosine triphosphate- 
bmding regulatory protein. 
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Figure 1. Diagramatic representation of the normal hemostatic process. A) Exposure of subendothelium due to vascular damage resuhs 
in immediate platelet adherence to collagen, basement membrane and microfibrils in the presence of von Willebrand factor and platelet 
membrane glycoprotein lb. The strong platelet agonist, collagen, induces release of ADP and serotonin {5-HT) from dense granules and 
several proteins from alpha granules. The eicosanoid thromboxane A2 is also formed enzymatically from free arachidonic acid. Simultane- 
ously, endothelial cell defense mechanisms (thromboregulators) become functional to limit the size of the thrombus. Concomitant with 
formation of the releasate, the recruitment phase is initiated. B) ADP, 3-HT, and TXAj are the most important recruiting components 
of the platelet releasate. They activate additional platelets arriving in the fluid phase, which then undergo shape change and aggregate 
onto the initial layer of activated platelets. Thromboxane and serotonin also induce vasoconstriction, which serves to limit the velocity 
of blood flow. Phospholipoproteins are now available on the platelet surface for catalytic activation of proteins of the coagulation system. 
C) Thrombin formation has several major consequences which lead to the final stages of platelet thrombus development. Platelet activa- 
tion, release, and recruitment are reinduced and fibrin formation is initiated. Fibrin strands begin to intercalate between activated platelets 
and the thrombus becomes consolidated. D) The consolidated platelet thrombus is now virtually impermeable and its multicellular nature 
becomes obvious. There is in vitro and ex vivo evidence that intact metabolically viable erythrocytes are prothrombotic in that they in- 
crease the reactivity of activated platelets (12). Neutrophils are also seen in close contact with platelets. The modest chemotactic activity 
of released platelet 12-HETE may contribute to the arrival of the neutrophils. Platelet-neutrophil contact may be due to the adhesive plate- 
let glycoprotein. Pselectin, interacting with its receptor on the neutrophil surface (33. 34). The neutrophil also down-regulates platelet 
reactivity and therefore may serve as an important antithrombotic modality (14). Formation of the platelet thrombus also signals the initia- 
tion of fibrinolysis, i.e., release of tissue plasminogen activator (TPA) from endothelial cells. (Adapted from Dr J. F. Mustard with per- 
mission.) 



thrombus gradually becomes admixed with erythrocytes, 
neutrophils, and subsequently, occasional monocytes. In ad- 
dition to the aforementioned cells, there are normal metabol- 
ically viable endothelial cells adjacent to the lesion. For many 
years the presence of multiple cells in a thrombus was 
thought to represent a passive, random phenomenon. 
However, biochemical and functional interactions between 
platelets and other cells have been definitively demonstrated 
in vitro (9, 10) and there is strong evidence for their occur- 
rence in vivo (11). Many of these interactions are thrombo- 
regulatory in that they culminate in enhancement or inhibi- 
tion of platelet reactivity. For example, intact erythrocytes in 
close proximity to activated platelets markedly enhance 



platelet reactivity (12, 13). In sharp contrast, neutrophils (14) 
and endothelial cells (15-17) inhibit platelet activation and 
recruitment, thereby possibly limiting the size .of -the.- 
thrombus. As will be discussed, these interactions occur in 
the setting of cell proximity or direct contact. They can be 
due to secretory products of one or more cell types after acti- 
vation by a specific agonist (or agonists) or to surface- 
connected modulators. In some circumstances, transcellular 
metabolism occurs in which the product of one cell is trans- 
formed by another. This can even result in the formation of 
a metabolite that cannot be synthesized by either cell alone. 
Occurrences of this phenomenon have thus far been demon- 
strated in vitro between platelets and endothelial cells, neu- 
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Figure 2. Progression of coronary atherogenesis to thrombogenesis 
on the pathologic and cHnical level. Early lesions contain macro- 
phages and lipid droplets. These progress to involve smooth muscle 
and a fibrotic lipid core. As the lesions progress to stage V they de- 
velop fissures and ulcerate. Intraluminal thrombi form and this 
constitutes the complicated plaque, eventually leading to the acute 
coronary syndromes. Repeated mural thrombi, initiated by acti- 
vated platelets, result in progression of the atherosclerotic process. 
These concepts emphasize that atherogenesis and thrombogenesis 
should be studied in parallel. (Reviewed in ref 5,) 

trophils, erythrocytes, and smooth muscle cells (9). These 
studies from our own and other laboratories suggest that the 
development and possible reversibility of thrombosis represent 
an integrated group of multicellular biochemical events (9). 



BASIC BIOCHEMICAL PARAMETERS OF PLATELET 
REACTIVITY 

Significant advances have been made in our comprehension 
of the biochemical events in platelet activation (2, 18), These 
mechanisms will be briefly summarized. Biochemically, the 
initial event in platelet activation is binding of an agonist 
such as thrombin to the extracellular domain of a specific 
platelet membrane receptor (19). As in other cells, platelet 
receptors for agonists and inhibitors are transmembrane 
proteins with cell surface and cytoplasmic components. The 
signal, initiated by receptor occupancy, is then transmitted 
by the cytoplasmic domain of the receptor, frequently 
through guanosine triphosphate-binding regulatory proteins 
(G proteins), to membrane-bound, signal-generating en- 
zymes such as phospholipase C (Fig. 3). Activation of these 
enzymes induces generation of second messenger molecules. 
For example, phospholipase C initiates the phosphoinositide 
pathway of activation via hydrolysis of the membrane phos- 
pholipid phosphatidylinositol 4,5-bisphosphate (PIP2). This 
gives rise to two platelet second messengers, inositol 1,4,5- 
trisphosphate (IP3) and diacyl glycerol (DG). IP3 induces cal- 
cium release from the platelet dense tubular system. A rise 
in free calcium in the cytosol is a critically important aspect 
of platelet activation and consequent events. Diacylglycerol 
activates protein kinase C, which in turn promotes protein 
phosphorylation, platelet granule secretion, and expression 
of the fibrinogen receptor on the platelet surface. Platelet 



cytoskeletal rearranjM»ents that occur during platelet acti- 
vation may be invo^^^ granule secretion. As mentioned 
the ADP released ffW^latelet dense granules is important 
for recruitment of additional platelets to the thrombus. The 
fibrinogen receptor site is on the platelet membrane glyco- 
protein Ilb-IIIa complex, which becomes transformed dur- 
ing platelet activation to assume its receptor function. The 
latter glycoproteins belong to the integrin group of adhesive 
protein receptors. By interacting with its receptors, fibrino- 
gen forms a bridge between platelets in proximity, thereby 
resulting in platelet aggregation/cohesion (18). 

A second important pathway in platelet activation is also 
initiated by enzymatic hydrolysis of a membrane phospho- 
lipid. Arachidonate, an essential fatty acid, is cleaved from 
phospholipid largely via catalysis by phospholipase A2. Acti- 
vation of this enzyme has been reponed to involve several en- 
tities including the rise in free cytosolic calcium occurring 
during platelet activation, membrane NaVH* exchange, and 
one or more G proteins. Arachidonate cleavage can also 
result from combined actions of phospholipase C and diacyl- 
glycerol lipase (Fig, 3). Some arachidonate is released to the 
exterior of the platelet where it can be taken up by other cdls 
and become involved in transcellular metabolism. In the 
cytosol, arachidonate is enzymatically oxygenated by cyclo- 
oxygenase and 12-lipoxygenase. The major biologically ac- 
tive platelet cyclooxygenase product formed by way of its 
transient intermediate, endoperoxide PGHj, is thromboxane 
A2 (TXA2). This autacoid is released, acts as a vasoconstric- 
tor, and takes part in the recruiting process via a platelet 
membrane receptor (Fig. 3). 



CONTROL OF PLATELET REACTIVITY BY 
ENDOTHELIAL CELLS 

Platelets in the circulation are not activated as long as the en- 
dothelium remains biochemically and physically intact. Ac- 
tually, platelets produce a substance (or substances) that 
maintains the integrity of the vasculature and prevents spon- 
taneous hemorrhage (1). When platelets do become activated 
as a consequence of injury, endothelial cells respond in a 
manner that is directed toward limitation or reversal of the 
consequences of platelet reactivity This response can be 
defined as endothelial ihwmboregulatzon. 

Thromboregulation is amenable to study in vitro. This is 
done with combined suspensions of cultured human umbili- 
cal cord endothelial cells and human platelets in motion in 
aggregometer cuvettes (15). Thus, maximal cell density is 
achieved and both functional and biochemical parameters 
can be measured simultaneously. Platelets become unre- 
sponsive to agonists in the presence of endothelial cell sus- 
pensions and this is due to at least three separate endothelial 
thromboregulatory systems. These include the eicosanoids, 
endothelium-dependent relaxing factor (now thought to be 
nitric oxide) (EDRF/NO), and the ecto-nucleotidase ATP- 
diphosphohydrolase (ATPDase), which has both ADP-ase 
and ATP-ase activities (17, 20-22), 

Eicosanoids 

The arachidonate pathway in endothelial cells can be in- 
itiated by agonists such as thrombin. The major product of 
eicosanoid metabolism in these cells is PGI2, formed from 
the same endoperoxide PGH2, which in platelets gives rise 
to TXA2. Released endothelial cell PGI2 can react with the 
platelet surface domain of a specific receptor, thereby initiat- 
ing a G protein-linked signal transduction pathway of the 
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Figure 3. SignaJ transduction during platelet activation. The binding of agonists to membrane-spanning receptors on the platelet surface 
initiates cascades of intracellular second messengers, including inositol 1,4,5-trisphosphate (IP3) and diacylglycerol (DG) IP3 releases Ca^* 
from the platelet dense tubular system, raising the cytosolic free Ca^* concentration. Diacylglycerol activates the serine/threonine kinase 
protein kmase C translocating it to the plasma membrane and triggering granule secretion and fibrinogen receptor exposure on the 
glycoprotein Ilb-IIIa complex. At the same time, the rising cytosolic free Ca^ concentration facilitates arachidonate (AA) release from 
phospholipids by phosphoUpase A^, a process that may occur at both the plasma membrane and the dense tubular system membrane 
Arachidonate is metabolized to thromboxane A^ (TxA^), which diffuses out of the cell, interacts with receptors on the platelet surface' 
and causes further platelet activation. At some point during this process, tyrosine kinases, including members of the src family are acti- 
vated in platelets and cause the phosphorylation on tyrosine of multiple platelet proteins, most of which have not been identified' Tyrosine 
kinase activation in platelets appears to occur predominantly as a consequence of fibrinogen receptor expression and platelet aeereeation 
but can also occur as an early step in platelet activation. In many cases, the interactions between agonists and the enzymes responsible 
for second messenger generation are mediated by a guanine nucleotide-binding regulatory protein (G protein). In platelets, G proteins 
have been shown to regu^te phosphoinositide hydrolysis and cAMP formation, and are probably involved in the activation of phospholi- 
pase A2. Phosphohpase C (presumably phosphoUpase C^) is activated in a pertussis toxin-sensitive manner by the still-unidentified G 
l?'"u-^^'!^'u ''u^"/^ ^ pertussis toxm-resistant manner by the G protein, G^. Adenylylcyclase is stimulated by the G protein G and in- 
hibited by the G protein, G;. The G protein that regulates phospholipase A, activity remains to be characterized. Platelet receptors for 
thrombin, epinephrine, thromboxane A^, and platelet activating factor have been cloned and shown to resemble other G protein-coupled 
l^^^^^^T!'^^ ^ characteristic structure comprised of a single polypeptide with seven transmembrane domains. The low molecular weight 
f ,TP-binding protein, raplB, has recently been shown to form a complex with phospholipase and r^-GAP, supplying a potential 
mechanism for regulating phospholipase activity Other low molecular weight GTP-binding proteins may be involved in the regula- 
tion of vesicular transport and granule secretion in platelets. Provided by Dr. Lawrence F. Brass (18). 



type described for activation of phospholipase C. In this case, 
the signal-generating enzyme is adenylyl cyclase. The latter 
catalyzes formation of the second messenger cAMP from 
ATP (Fig. 3). In contrast to other cells where it promotes 
reactivity, cAMP is a strong inhibitor of platelet function. 
cAMP antagonizes calcium -mediated responses by a variety 
of mechanisms (2). Effects of cAMP are generally thought to 
be mediated by a cAMPdependent protein kinase (or 
kinases) (2). 

Through a process of transcellular metabolism between 
platelets and endothelial cells, greater quantities of PGIj can 
be generated than can be synthesized by endothelial cells 
alone (15, 23), This is demonstrable by radiolabeling plate- 
lets with arachidonate and combining them with aspirin- 
treated, unlabeled endothelial cells that are incapable of 
producing endogenous endoperoxide PGH2. Stimulation of 
these combined suspensions with thrombin, collagen, or 
ionophore results in production of radiolabeled prostacyclin 



plus other eicosanoids. The labeled PGHj intermediate re- 
quired for formation of labeled PGI2 can only originate from 
the labeled platelets. These results can be confirmed using 
unlabeled platelets and unlabeled endothelial cells, both of 
which have not been aspirin -treated. Prostacyclin is quantified 
by radioimmunoassay. In this system wherein endothelial 
cells produce PGI2 endogenously as well as from platelet 
endoperoxides, more PGI2 is synthesized than the endo- 
thelial cells can produce alone. 

Endothelium-dependent relaxing factor/nitric oxide 
(EDRF/NO) 

EDRF is an aspirin-insensitive fluid-phase autacoid pro- 
duced by vascular endothelium and a large variety of other 
cells. It is identitral with nitric oxide or a related nitrosyl 
compound. NO is the active principle of the group of com- 
pounds known as nitro vasodilators (24), and its mode of ac- 
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tion is via specific stimulation of the -containing soluble 
guanylyl cyclase in target cells. The resulting elevation of cy- 
clic GMP blocks responsiveness of activated platelets. This 
inhibition is independent of that induced by cyclic AMP, but 
the two phenomena may be synergistic. In endothelial cells, 
NO is produced constitutively from L-arginine by the action 
of a calcium/calmodulin and NADPH-dependent NO syn- 
thase. In addition, NO has been identified in the central ner- 
vous system where it acts as a neurotransmitter, and in mac- 
rophages, where it is bacteriocidal (24-27). 

Because EDRF/NO is a gas with a half-life of approxi- 
mately 5 s, it is difficult to study in vitro. However, the sys- 
tem previously described for studying combined suspensions 
of endothelial cells and platelets in close contact is particu- 
larly suitable for this purpose. Both cell types can be aspirin- 
treated to inhibit PGI2 formation, and inhibition of platelet 
aggregation can be readily demonstrated. Reversal of this in- 
hibition by antagonists of EDRF formation and function can 
also be evaluated. Using this system, Broekman et al. (16) 
demonstrated EDRF/NO regulation of human platelet reac- 
tivity by cultured human endothelial cells. Platelet aggrega- 
tion and serotonin release are inhibited in parallel in this 
aspirin-treated system. The endothelial cell-derived EDRF/ 
NO activity is enhanced by superoxide dismutase, and re- 
versed by hemoglobin and by competitive inhibitors of argi- 
nine metabolism such as derivatives of L-arginine with 
modified guanidino groups. When platelets and endothelial 
cells are separated by a permeable membrane and both cells 
stimulated by thrombin, the platelets remain unresponsive. 
Therefore the inhibition observed has been induced by a 
fluid-phase mediator in the absence of cell contact. 

The significance of EDRF/NO as a major control system 
for vasomotor activity, platelet adhesion, and aggregation is 
becoming more apparent. Deficient EDRF/NO activity has 
been reported in atherosclerotic blood vessels, hypertension, 
vascular occlusion, and reperfusion injury (24). 

Endothelial cell ecto-nucleotidase activity 

The third endothelial thromboregulatory mechanism in- 
volves ecto-nucleotidases on the cell surface. Until recently, 
nucleotides were thought to serve mainly as intracellular 
energy sources. It is now appreciated that nucleotides can be 
released in response to cell activation or injury, and through 
specific receptors may elicit biological responses, some of 
which can be deleterious. An example of the latter would be 
the prothrombotic effects of excessive ADP release from 
platelets and injured tissues (28). The endothelial cell mem- 
brane thromboregulatory ecto-nucleotidases are aspirin- 
insensitive enzymes that metabolize released platelet ADP to 
AMP and adenosine, thereby limiting platelet recruitment 
(17). 

ADPase activity is demonstrable in the in vitro aggregom- 
etry system described above for studying platelet-endothelial 
cell interactions. EDRF/NO effects and PGI2 production by 
endothelial cells under study are blocked by simultaneous 
treatment with hemoglobin and aspirin, respectively. Never- 
theless, in this setting inhibition of platelet responsiveness by 



endothelial cells pers^H^his is observed by both aggregom- 
etry and measurementoi platelet serotonin release. Such in- 
hibition is largely due to ecto-ADPase activity on the endo- 
thelial cells. This can be established biochemically by 
incubating aspirin-treated endothelial cells with [**C]ADP 
Radio thin layer chromatography and aggregometry demon- 
strates a correlation between (**CJADP catabolism and loss 
of platelet stimulatory activity in the supernatant fluid 
AMP accumulates transiently and is further metabolized to 
adenosine. The latter further inhibits platelet reactivity by 
elevating cAMP levels. An ADPase activity has been local- 
ized in the membrane fraction of human endothelial cells 
and is soluble in Triton X-lOO-ethylene glycol. Enzyme ac- 
tivity is detectable on polyacrylamide gels run in Triton, with 
a lead sulfide stain. The same protein band can hydrolyze 
ATP as well as ADP (21). Therefore the enzyme is an apyrase 
or ATP-diphosphohydrolase (ATPDase) (20). 

Thus, at the present time there is in vitro evidence for at 
least three independent endothelial cell regulatory systems 
for platelet reactivity. As experimental horizons broaden and 
appropriate detection systems evolve, additional antithrom- 
botic endothelial cell control systems may be identified. Only 
a few short years ago all the platelet inhibitory activity at- 
tributable to endothelial cells was thought to be due to 
prostacyclin alone. We now know that this is not the case. 
Table 1 summarizes properties of the regulatory systems dis- 
cussed. 



ENHANCEMENT OF PLATELET REACTIVITY BY 
INTACT ERYTHROCYTES 

Erythrocytes have long been known to play a role in hemo- 
stasis. Anemic patients have prolonged bleeding times that 
normalize upon correction of the erythrocyte deficit. It has 
been demonstrated that intact erythrocytes promote bio- 
chemical and functional responsiveness of activated platelets 
'(12, 13). The piatelet-erythrocyte interaction was carried out 
using a novel two-stage procedure. This permitted studies of 
cell-cell interactions and independent evaluation of platelet 
activation and recruitment within 1 min of stimulus addi- 
tion. This assay system differs markedly from those usually 
used to study cell-cell interactions wherein cells are in- 
cubated together, the agonist is added, and results in the 
combined suspension monitored over a prolonged period of 
time. In the activation-recruitment assay, agonists are added 
to combined suspensions of platelets and erythrocytes and a 
cell-free releasate is prepared within 1 min. This releasate is 
then studied biochemically and is also added to a separate 
platelet preparation where it is tested for enhancing or in- 
hibitory effects on aggregation. This in vitro action of the 
releasate serves as a prototype for the platelet recruitment 
process (12, 13). 

Releasates obtained from mixtures of erythrocytes and 
platelets contain higher concentrations of secreted ADP (13) 
and induce greater aggregation (recruitment) than those ob- 



TABLE 1. Inhibitory thromboreguiators associated with human endothelial cells 



Class 



Type 



Site of action 



Aspirin sensitivity 



Mode of action 



Eicosanoids 

Nitrdvasodilators 

Ecto-nucleotidases 



PGI2. PGD2 

EDRF/NO 

ATPDase 



Fluid phase autacoid 
Fluid phase autacoid 
Endothelial cell surface 



Inhibited 

Insensitive 

Insensitive 



Elevation of platelet cAMP 
Elevation of platelet cGMP 
Enzymatic removal of secreted ADP 



tained from platelets alone. The erythro^^H-emain capable 
of increasing platelet serotonin release (activation) despite 
aspirin treatment, enzymatic removal of released ADP, pro- 
tease inhibition, or combinations of the above. An in vivo 
counterpart of these results is the possibility that erythrocyte 
enhancement of platelet reactivity can reduce the therapeu- 
tic effectiveness of aspirin. Erythrocytes also promote in- 
creased platelet arachidonate release and eicosanoid forma- 
tion. Platelet stimulation with collagen or thrombin in the 
presence of erythrocytes results in significant increases in 
cyclooxygenase and lipoxygenase metabolites. In addition, 
activated platelet-erythrocyte mixtures with or without aspi- 
rin promote 3- to 10-fold increases in extracellular free 
arachidonate. The latter is available for transcellular 
metabolism in other cell types (12, 13). For example, released 
platelet arachidonate can be taken up by a stimulated neu- 
trophil in proximity to form leukotriene B4, the most 
proinflammatory eicosanoid yet described. In this way plate- 
lets play an indirect role in the inflammatory response. 

The precise mechanism (or mechanisms) underlying 
erythrocyte enhancement of platelet reactivity has not as yet 
been delineated. The in vitro data on platelet activation and 
recruitment discussed here suggest that at least two separate 
events are occurring: Stimulated platelets activate a process 
in the intact erythrocyte, which causes the erythrocyte to 
further activate the platelet. The end result of this cell-cell 
communication is a prohemostatic and prothrombotic eryth- 
rocyte effect. 



NEUTROPHILS DOWN-REGULATE HUMAN 
PLATELET REACTIVITY 

Because the activation-recruitment system described above 
serves as an in vitro model for early cellular and biochemical 
events in thrombosis, it was used to study platelet-neutrophil 
interactions as well. During hemostasis, thrombosis, and the 
inflammatory response, the proximity of platelets and neu- 
trophils allows for modulation of each others* activity. For ex- 
ample, we know that released platelet 12-HETE can be pro- 
cessed by unstimulated neutrophils to 12,20-DiHETE and 
12-HETE-l,20-dioic acid, and by stimulated neutrophils to 
5,12-DiHETE (29-32). On the other hand, the activation- 
recruitment system demonstrates that unstimulated neutro- 
phils can modulate aggregation and secretion in stimulated 
platelets. When combined suspensions of normal numbers of 
neutrophils and platelets are stimulated by collagen or 
thrombin, platelet serotonin release and the proaggregatory 
activity of cell-free releasates from the mixture are markedly 
decreased (14). In these experiments, neutrophil serine pro- 
teases and EDRF/NO formation are not involved in the in- 
hibitory activity In the case of collagen, about 29% of the 
neutrophil inhibitory effect is attributable to ecto-ADPase 
activity, but this is not the major cause of the inhibition. 

When cell-cell interactions are studied in the activation- 
recruitment system, the platelets and neutrophils are 
brought into close cell contact during the centrifugation step. 
Furthermore, upon platelet activation the adhesive protein 
P-selectin is expressed on the platelet surface, where it medi- 
ates adhesion to neutrophils (33, 34). It was important to dis- 
cern whether Pselectin-mediated platelet-neutrophil adhe- 
sion was necessary for the inhibitory effect of neutrophils on 
platelets to occur. This question was examined with specific 
monoclonal antibodies to Pselectin, which blocked platelet- 
neutrophil adhesion. It is interesting that neutrophil inhibi- 
tion of platelet reactivity was actually enhanced when adhe- 



sion was blocked. Neutro^^H^re more effective in controll- 
ing platelet reactivity wh^Khe cells are not metabolically 
adherent to each other. We propose that P-selectin acts in a 
prothrombotic manner because of its ability to reverse neu- 
trophil inhibition of platelet reactivity 

Comparable results were obtained with the platelet 
12-lipoxygenase product (12-HETE) or its derivatives ori- 
ginating from transcellular metabolism between platelets 
and unstimulated neutrophils. Like P-selectin, these lipoxy- 
genase products reduced the inhibitory effect of neutrophils 
when the platelets were activated by thrombin (14). 

In addition to participating in the inflammatory response 
accompanying the thrombotic process, neutrophils play a 
regulatory role. By inhibiting platelet reactivity, neutrophils 
may serve to limit the size and extent of the thrombus. Also, 
we do not know the precise functional implications of neu- 
trophil metabolism of platelet lipoxygenase products. The 
process is efficient and well regulated and its significance 
may become more apparent when the properties of lipoxy- 
genase-type eicosanoids are further elucidated (30, 31). 

In summary, in vitro studies from many laboratories 
strongly suggest that thrombosis represents an integrated 
group of multicellular events. These events involve metabolic 
and functional interactions between platelets, endothelial 
cells, erythrocytes, and neutrophils. Future approaches to 
the pathogenesis and treatment of thrombosis will need to 
consider therapy that will affect more than one cell type and 
methods for enhancing activity of newly recognized throm- 
boregulators. 

We would like to acknowledge the outstanding research contribu- 
tions of Drs. Teresa Santos, Juana Valles, and M. Johan Broekman 
toward the concepts presented herein. We also thank Ms. Evelyn M. 
Ludwig for her expert editorial collaboration in the preparation of 
this article. Supported by grants from the Department of Veterans 
Affairs and the National Institutes of Health (HL-18828, HL-46403 
and HL-47073). 



REFERENCES 

1. Marcus, A. J, (1990) In Disorders of Hemostasis (Ratnoff", O. D. 
and Forbes, C. D., eds) pp. 75-140, Grune & Stratton, New 
York 

2. Kroll, M. H., and Schafer, A. I. (1989) Biochemical mecha- 
nisms of platelet activation. Blood 74, 1181-1195 

3. Woolf, N. (1992) In Oxford Textbook of Pathology (McGee, J. O'D., 
Isaacson, P G., and Wright, N. A., eds) pp. 509-519, Oxford 
University Press, New York 

4. Myler, R. K., Frink, R. J., Shaw, R. E., Bashour, T. T, Hecht, 
H. S., Ryan, C., Cumberland, D. C., and Stertzer, S. H. (1990) 
The unstable plaque: pathophysiology and therapeutic implica- 
tions. / Invas. Cardiol. 2, 117-128 

5. Fuster, V., Badimon, L., Badimon, J. J., and Chesebro, J. H. 
(1992) The pathogenesis of coronary artery disease and the 
acute coronary syndromes. N. Engl. J. Med. 326, 242-250; 
310-318 

6. Stary, H. C. (1989) Evolution and progression of atherosclerotic 
lesions in coronary arteries of children and young adults. Arterio- 
sclerosis 9, I-19-I-32 

7. Davies, M. J. (1990) A macro and micro view of coronary vas- 
cular insult in ischemic heart disease. Circulation 82, II-38-II-46 

8. Szczeklik, A., Dropinski, J., Radwan, J., and Krzanowski, M. 
(1992) Persistent generation of thrombin after acute myocardial 
infarction. Arterioscler. TTiromb. 12, 548-553 

9. Marcus, A. J. (1990) Thrombosis and inflammation as multicel- 
lular processes. Pathophysiological significance of transcellular 
metabolism. Blood 76, 1903-1907 

10. Maclouf. J., Fitzpatrick, F. A., and Murphy, R. C. (1989) Trans- 



MULTICELLULAR MODULATION OF PLATELET REACTIVITY 



521 



cellular biosynthesis of eicosanoids^^^kt^wroi Res. 21, 1-7 

11. Brezinski. D. A.. Nesto, R. W., an^WKan, C. N. (1992) An- 
gioplasty triggers intracoronary leukotrienes and lipoxin A4. 
Impact of aspirin therapy. Circulation 86, 56-63 

12. Santos, M. T., Valles, J., Marcus, A. J., Safier, L. B., 
Broekman, M. J., Islam, N., Ullman, H. L., Eiroa, A. M., and 
Aznar, J. (1991) Enhancement of platelet reactivity and modula- 
tion of eicosanoid production by intact erythrocytes. /. Ciin 
Invest. 87, 571-580 

13. Valles, J., Santos, M. T, Aznar, J., Marcus, A. J., Martinez- 
Sales, v., Portoles, M., Broekman, M. J., and Safier, L. B. 
(1991) Erythrocytes metabolically enhance collagen-induced 
platelet responsiveness via increased thromboxane production, 
ADP release, and recruitment. Blood 78, 154-162 

14. Santos, M. T, Valles, J., Marcus, A. J., Safier, L. B., 
Broekman, M. J., Islam, N., Ullman, H. L., and Eiroa, A. M. 
(1991) Contrasting effects of 12- and 5-lipoxygenase products in 
the inhibition of human platelet reactivity by neutrophils. Clin 
Res. 39, 254a (abstr) 

15. Marcus, A. J., Weksler, B. B., Jaffe, E. A., and Broekman, M. J. 
(1980) Synthesis of prostacyclin from platelet-derived endoper- 
oxides by cultured human endotheUal cells. /. Clin. Invest. 66, 
979-986 

16. Broekman, M. J., Eiroa, A. M., and Marcus, A.J. (1991) Inhi- 
bition of human platelet reactivity by endothelium-derived 
relaxing factor from human umbilical vein endothelial cells in 
suspension. Blockade of aggregation and secretion by an 
aspirin-insensitive mechanism. Blood 78, 1033-1040 

17. Marcus, A. J., Safier, L. B., Hajjar, K. A., Ullman, H. L., 
Islam, N., Broekman, M. J., and Eiroa, A. M. (1991) Inhibition 
of platelet function by an aspirin-insensitive endothelial cell 
ADPase. Thromborcgulation by endothelial cells. / Clin. Invest 
88, 1690-1696 

18. Brass, L. F, (1991) In Hematology. Basic Principles and Practice 
(Hoffman, R., Benz, E. J., Jr., Shattil, S. J., Furie, B., and 
Cohen, H. J., eds) pp. 1176-1197, Churchill Livingstone, New 
York 

19. Coughlin, S. R., Vu, T-K. H., Hung, D. T., and Wheaton, 
V. I. (1992) Characterization of a functional thrombin receptor. 
Issues and opportunities. J. Clin. Invest. 89, 351-355 

20. Cote, Y. R, Filep, J. G., Battistini, B., Gauvreau, J., Sirois, P, 
and Beaudoin, A, R. (1992) Characterization of ATP- 
diphosphohydrolase activities in the intima and media of the 
bovine aorta; evidence for a regulatory role in platelet activation 
in vitro. Biochim, Biophys. Acta Mol. Basis Dis. 1139, 133-142 

21. Marcus, A. J., Safier, L. B., Hajjar, K. A,, Ullman, H. L., 
Islam, N., Broekman, M. J., and Eiroa, A. M. (1992) Throm- 
boregulatory activity of cultured human endotheUal cells: sub- 
cellular localization and solubilization of a membrane ADPase 
Clin. Res. 40, 226A (abstr.) 

22. Yagi, K., Shinbo, M., Hashizume, M., Shimba, L. S., 



Kunmura, S., and^Bk, Y. (1991) ATP diphosphohydrolase is 
responsible for e<5^^Pase and ecto-ADPase activities in 
bovme aorta endothelial and smooth muscle cells. Biochem. 
Biophys. R£s. Commun, 180, 1200-1206 

23. Schafer, A. I., Crawford, D. D., and Gimbrone, M. A., Jr 
(1984) Unidirectional transfer of prostaglandin endoperoxides 
between platelets and endothelial cells. / Clin. Invest. 73, 

24. Bassenge, E. (1992) Clinical relevance of endothelium-derived 
relaxing factor (EDRF). Br J. Clin, Pharmacol. 34 (Suppl n 
37S-42S h 

25. Moncada, S., Palmer, R. M. J., and Higgs, E. A. (1991) Nitric 
oxide: physiology, pathophysiology, and pharmacolo^ 
Pharmacol. Rev. 43, 109-142 

26. Ignarro, L. J. (1991) Signal transduction mechanisms involving 
nitric oxide. Biochem. Pharmacol. 41, 485-490 

27. Nathan, C. (1992) Nitric oxide as a secretory product of mam- 
malian cells. FASEB J, 6, 3051-3064 

28. Cote, Y, R, Picher, M., St-Jean, R, Beliveau, R., Potier, M 
and Beaudoin, A. R. (1991) Identification and localization of 
ATP-diphosphohydrolase (apyrase) in bovine aorta: relevance 
to vascular tone and platelet aggregation. Biochim. Biophys. Acta 
1078, 187-191 

29. Marcus, A. J., Broekman, M. J.. Safier, L. B., Ullman, H. L. 
Islam, N., Serhan, C. N., Rutherford, L. E., Korchak,'H. M ' 
and Weissmann, G. (1982) Formation of leukotrienes and other 
hydroxy acids during platelet-neutrophil interactions in vitro. 
Btochem. Biophys. Res. Commun. 109, 130-137 

30. Marcus, A. J., Safier, L. B., Ullman, H. L., Broekman, M. J., 
Islam, N., Oglesby, T D.. and Gorman, R. R. (1984) 12S,20- 
Dihydroxyicosatetraenoic acid: a new icosanoid synthesized by 
neutrophils from 12S-hydroxyicosatetraenoic acid produced by 
thrombin- or collagen-stimulated platelets. Proc. Natl Acad Sci 
USA 81, 903-907 

31. Marcus, A. J., Safier, L. B., UUman, H. L., Islam, N., Broek- 
man, M. J., and von Schacky, C. (1987) Studies on the mecha- 
nism of oj-hydroxylation of platelet 12-hydroxyeicosatetraenoic 
acid (12-HETE) by unstimulated neutrophils. /. Clin. Invest 79. 
179-187 ^ 

32. Marcus, A. J., Safier, L. B., Ullman, H. L., Islam, N., 
Broekman, M. J., Falck, J. R., Fischer, S., and von Schacky, C. 
(1988) Platelet-neutrophil interactions. (12S)-hydroxyeicosa- 
tetraen-l,20-dioic acid: a new eicosanoid synthesized by un- 

' stimulated neutrophils from (12S)-20-dihydroxyeicosatetraenoic 
acid.y. Biol. Chem. 263, 2223-2229 

33. Larsen, E., Celi, A., Gilbert. G. E., Furie, B. C, Erban, J. K., 
Bonfanti, R., Wagner, D. D., and Furie, B. (1989) PADGEM 
protein: a receptor that mediates the interaction of activated 
platelets with neutrophils and monocytes. Cell 59, 305-312 

34. McEver. R. P (1991) Leukocyte interactions mediated by selec- 
tins. Thromb. Haemostas. 66, 80-87 



522 Vol. 7 April 1993 



The FASEB loumal 



MARCUS AND SAFIER 



